Time-domain femtosecond laser spectroscopic measurements of the ultrafast lattice dynamics in 2H-MoTe 2 bulk crystals were carried out to understand the carrier-phonon interactions that govern electronic transport properties. An unusually long lifetime coherent A 1g phonon mode was observed even in the presence of very large density of photo-excited carriers at room temperature.
Transition-metal dichalcogenides (TMDCs) are recognized as one of the most promising two-dimensional (2D) layered materials for optical, mechanical, and electrical applications owing to their unique van der Waals bonded multi-layered structures [1] [2] [3] , the inherent band-gap engineering of topological properties [4] [5] [6] , and the predicted high carrier mobility [7] . Molybdenum ditelluride (MoTe 2 ), a representative TMDC material, is an ideal material for optical and electrical applications due to its unique layered 2D structure. MoTe 2 can crystallize in three different phases, i.e. the room temperature 2H, the high-temperature
1T
′ and the low-temperature T d phases [8] . 2H phase has a hexagonal structure while the 1T ′ phase has a monoclinic structure and transforms into distorted monoclinic T d phase.
The 2H-MoTe 2 is a semiconductor and holds great promise for field-effect transistors [9, 10] and optical applications [11, 12] .
A fundamental understanding of the interaction between electrons and the lattice is of central importance for advancing TMDCs to device applications as, in addition to impurity and vacancy scattering, electron-phonon coupling often limits carrier mobility in single crystal materials [13] . In an electrical devices, electron-phonon coupling plays a significant role in governing device performance. For example, interactions between phonons and photoexcited carriers are a crucial issue for TMDC-based optoelectronic device applications. However, little has been experimentally unveiled in terms of electron-phonon coupling in TMDCs although the Fröhlich interaction has been theoretically argued to play an important role in electron-phonon coupling in TMDCs [14] . Coherent phonon spectroscopy [15] is a powerful experimental tool to explore the lattice degrees of freedom on ultrafast time scales and enables investigation of electron-phonon coupling dynamics as well as ultrafast phase transitions [16] [17] [18] [19] .
In this Letter, we have investigated the electron-phonon coupling dynamics in a bulk crystal of 2H-MoTe 2 by employing optical pump-probe coherent phonon spectroscopy with varying pump fluences (F ). The lifetime of the coherent A 1g mode was found to be remarkably long in spite of the presence of a large number of photo-excited carriers. The exploitation of coherent phonon states can be important for quantum computing [20] , as they have the potential for operation in the terahertz (THz) range since coherent optical phonons typically oscillate in the THz frequency region. For this purpose, the lifetime of coherent phonons is an important parameter in the retention of data necessary for the realization of complex computing. In general, however, coherent phonons typically damp out within a few picosecond in most materials [21] . Wide gap semiconductors are an exception that exhibit long-lifetime coherent phonons [22] [23] [24] . However, in the presence of carrier excitation, these materials exhibit a coherent phonon lifetime that is drastically shortened due to carrier-phonon scattering [22, 25] . Here, we show that MoTe 2 is an exception even in the presence of a substantial concentration of photo-excited carriers.
Optical pump-probe measurements were carried out using a femtosecond Ti:sapphire laser oscillator operated at 80 MHz, which provided near infrared optical pulses with a pulse [29] . Both of the two dominant optical phonon modes can be seen at their corresponding frequencies, and decay with different time scales. The lifetime of the E 1g mode was found to be much shorter than that of the A 1g mode, and only the A 1g mode signal persists beyond ≈8 ps up to the limit of the time delay of the measurement in accordance with the difference in the spectral bandwidth of these modes [see Fig. 1(b) ]. Thus, the A 1g mode exhibited a long lifetime. effect occurs, similar to the case for the coherent LO mode in CdTe [30] . As shown in Fig.   3 (b), in fact, the decay rate of the coherent phonons increases with increasing pump fluence.
To further investigate the dynamics observed in photo-excited MoTe 2 , we fitted the timedomain signals with a combination of two damped harmonic oscillators,
where A, ω, and ϕ are the amplitude, the frequency, and the initial phase, respectively, where the subscripts E 1g and A 1g represent the phonon modes, and C is a constant background.
As shown in Fig. 3(a) , the experimental data can be fit well especially for early times.
For later time windows, there is significant deviation from the fit towards the end of the observed signals, e.g., at 30 ps. After ≈26 ps, the oscillatory periods of the experimental data becomes shorter than the fit, where the frequencies ω are kept constant. This result suggests that phonon hardening (frequency up-chirping) has occurred for the coherent A 1g mode within a time window of ≈30 ps.
The FT spectra obtained from the entire ∆R/R signals for different F levels (100, 200, 300, and 400 µJ/cm 2 ) are shown in Fig. 4 . The frequencies of both the E 1g and A 1g modes were found to significantly red-shift with increasing F , as indicated by the dashed lines.
It should be noted that, while a photo-induced temperature rise to ≈670 K can cause a phase transition from 2H-to 1T ′ -MoTe 2 structure [10] , in the present experiment the lattice temperature rise estimated using the two-temperature model [31] is ≈40 K, implying that the maximum lattice temperature after the photo-excitation is ≈340 K. The value is much lower than the phase transition temperature, and therefore, the possibility of a photo-induced phase transition into 1T ′ phase can be excluded. Instead of a photo-induced phase transition, we argue that the observed phonon frequency softening is due to changes in the electronphonon coupling, because of the large photo-excited carrier density as will be discussed later. We note that the possibility of an electronic-excitation induced phase transition into the 2H * phase was predicted [32] . However, the 2H * phase is an incommensurate excited state of the 2H phase and we consider that the photo-excited sates for each fluence can be treated in the same framework of electron-phonon coupling.
To obtain further insight into the origin of the F dependence of the coherent phonon spectra, the fitting parameters obtained in Fig. 3 for the E 1g and A 1g modes are plotted as a function of F in Fig. 5 . As F is increased, the initial amplitude of the A 1g mode linearly increases, whereas that of the E 1g saturates at ≈250 µJ/cm 2 [ Fig 5(a) ]. This observation might be explained by the effect of the decay on the amplitude [33] , where the E 1g mode exhibits a larger decay rate than that of the A 1g mode, and/or by the saturation of the driving force, e.g., a sublinear carrier density dependent shift of the lattice potential along the E 1g coordinate [34] . The frequencies (decay rates) of both modes monotonically decrease (increase) with increases in F . In terms of the decay rate behavior, the total decay rate (the inverse of the dephasing time, 1/τ ) is determined by the sum of the scattering mechanisms, such as phonon-defect scattering due to impurities and vacancies (1/τ def ect ), anharmonic phonon-phonon coupling (1/τ anh ), and electron-phonon coupling (1/τ e−p ). Thus 1/τ = 1/τ def ect +1/τ anh +1/τ e−p . In a high-quality single crystal, as is the case here, the concentration of impurities and vacancies is quite small so that the τ def ect term is very small and does not depend on F . The anharmonic phonon-phonon coupling depends mainly on the lattice temperature [35, 36] and the τ anh is not sensitive to the photo-excited carrier density, although photo-excitation causes a small lattice temperature rise (≤40 K). Hence the monotonic increase in the decay rates can predominantly be attributed to the electron-phonon coupling that is also related to phonon softening.
In the scheme of deformation potential (DP) electron-phonon coupling, the frequency and decay rate, i.e., the real and imaginary parts of the phonon self-energy [37] , vary in a nearly linear manner with the carrier density. The estimated number of photo-excited carriers (i.e. 2.1 × 10 19 cm −3 for F = 50 µJ/cm 2 ) is much larger than the intrinsic carrier 7 density (≈ 10 17 cm −3 ) and a change in F is expected to lead to a significant change in the DP interaction. The red-shift of the frequency can be well modeled by ∆ω ∝ −(D 2 0 /ω 0 )N e , where D 0 is the deformation potential, ω 0 is the phonon frequency, and N e is the carrier density that is a linear function of F [37] . We can then obtain the ratio of ∆ω
From the linear fit shown in Fig. 5(b) , ∆ω A 1g /∆ω E 1g is found to
The change in the decay rate, on the other hand, can be expressed by ∆γ ∝ −(D 2 0 ω 0 )N e [37] . From this we obtain the ratio of ∆γ
From the linear fit shown in Fig. 5(c) , the ratio ∆γ A 1g /∆γ E 1g is found to be ≈0.37. is unclear why the lifetime of the A 1g mode (18.7 ps, i.e., 1/τ ≈ 0.053 ps −1 ) is an order of magnitude larger than that of the E 1g mode (1.42 ps, i.e., 1/τ ≈ 0.70 ps −1 ) observed in the lowest fluence limit of F = 50 µJ/cm 2 . Another important factor might be anharmonic phonon-phonon coupling which is thought to be very small for the A 1g mode as observed by the previous Raman measurements which demonstrated the phonon spectral width (the inverse of the decay rate) is insensitive to the lattice temperature [38] . Therefore, 1/τ anh is small for the A 1g mode. When F is small, 1/τ e−h is small and, as a result, 1/τ is small leading the lifetime of the A 1g mode to be very long compared with other materials. Note that the ratio of the A 1g mode decay rate for lowest and highest F values is ≈1.8, an unusually large value even though the absolute value of the change is small. This is consistent with the assumption that the DP electron-phonon coupling is the dominant scattering factor for the A 1g mode over other interactions.
It is worth mentioning that the A 1g lifetime is expected to be insensitive to the number of layers based upon previous report, in which the spectral widths of the Raman peaks for both E 1g and A 1g modes did not change with an increase in the number of layers, although the peak positions did shift depending on the number of layers [39, 40] . In addition, the A 1g mode lifetime at room temperature is expected to be comparable to that at low temperature [38] . Therefore, to exploit the long-lifetime of the coherent A 1g mode, neither a preparation of an atomically thin layer or low temperature is necessary. In other words, MoTe 2 is robust in terms of changes in the environment and expected to provide stable performance for practical phonon-based applications. In terms of optoelectrical applications, MoTe 2 is expected to pave the way to a new class of devices in that photo-irradiation can be used to alter the electrical properties via strong electron-phonon coupling.
In conclusion, we have investigated the dynamics of time-domain coherent optical phonons in the prototypical transition-metal dichalcogenide, 2H-MoTe 2 , for different pump fluences.
Both the E 1g and A 1g modes were observed to possess different decay dynamics. In particular, the unusually long lifetime coherent A 1g phonon mode was observed even in the presence of photo-excited carriers at room temperature and it was found that its decay rate changed significantly with variation in the excitation laser fluence due to weak anharmonic phonon-phonon coupling and fluence-dependent deformation potential electron-phonon in-
teractions. The present data on ultrafast lattice dynamics can be expected to open up new routes to understand carrier-phonon coupling that govern electronic transport properties in transition-metal dichalcogenides.
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